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Abstract
Strongly interacting atom–cavity systemswithin a networkwithmany nodes constitute a possible
realization for a quantum internet which allows for quantum communication and computation on
the same platform. To implement such large-scale quantumnetworks, nanophotonic resonators are
promising candidates because they can be scalably fabricated and interconnectedwithwaveguides and
opticalﬁbers. By integrating arrays of ring resonators into a vapor cell we show that thermal rubidium
atoms above room temperature can be coupled to photonic cavities as building blocks for chip-scale
hybrid circuits. Although strong coupling is not yet achieved in thisﬁrst realization, our approach
provides a key step towardsminiaturization and scalability of atom–cavity systems.
1. Introduction
Lightmatter interaction in a cavity is one of the paradigms of quantumoptics. Coupling a two level atom to a
resonatormode has established theﬁeld of cavity quantum electrodynamics (QED) [1–3]. Pioneering cavity
QED experiments in the optical domain used thermal atomic beams to detect optical bistability as well as non-
classical correlation functions in the transmitted lightﬁeld of a highﬁnesse cavity [4]. Coupling atoms to
microresonators was demonstrated early-onwith dilute cesium vapor at room temperature through the
interactionwithwhispering gallerymodes of a fused silicamicrosphere [5]. The strong coupling regimewith
integrated devices has been explored by interfacing cold atomswith nanophotonic resonators [6, 7] and
photonic crystal waveguides [8].While progress on theminiaturization of cold atom experiments has been
reported [9], their scaling in combinationwith cavity networks remains challenging. In contrast, thermal
vapor cells allow for a scalable approach to quantumnetworks when combinedwith resonant nanophotonic
circuits.
Thermal atoms have been coupled to guided lightmodes, e.g. in integrated hollowwaveguides [10, 11],
hollow core ﬁbers [12, 13], tapered nano-ﬁbers [14–16], as well as solid core waveguides [17, 18], and are
envisaged to serve as building blocks for a combined atom-nanophotonic network. Besides solid state physical
systems like quantumdots, defect centers in crystals or singlemolecules embedded in hostmatrices, atoms
provide a uniquely narrowdistribution of transition frequencies. Therefore they arewell suited for
realizing quantumnetworks when coupled to optical cavities. Herewe demonstrate the interaction of thermal
atomswith ring resonators integrated into nanophotonic circuits, which has been proposed theoretically
recently [19].
Although the coupling between atoms and the cavitymode in ourﬁrst experiments is stillmuch lower
compared to cavityQED experiments, this demonstration solves twomajor technical problems: ﬁrst, we
increase integration density and designﬂexibility by coupling in and out of awaveguidewith compact Bragg
couplers, which can be placed anywhere on the chip. Second, we achieve protection of thewaveguidematerial
(silicon nitride (Si3N4)) against chemical deterioration by the aggressive alkali atoms (here rubidium) and thus
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enable long-termusage of the atom-clad platform.We estimate that these advances allow for the design of
robust atom–cavity networks which have the potential to reach cooperativity factors larger than one.
2.Materials andmethods
For the experiments described in thiswork,weused a Si3N4 ring resonatorwith a radius of 80 μmonaborosilicate
substrate. As illustrated inﬁgure 1(a), the ring is excited andprobed via a buswaveguide terminatedwith grating
couplers for in- andout-coupling of light. To restrict the atom light interactionmainly to the ring resonator, all
remaining parts are completely coveredwith a 600 nm thick layer of silicondioxide (SiO2), except for the short
coupling regionbetween thebuswaveguide and the ring.As rubidiumatoms sticking to thewaveguide surface
increase transmission losses [18] and therefore cause the resonances of the ring to disappear,we additionally cover
the structureswith a 9 nm thick sapphire (Al2O3) coating bymeans of atomic layer deposition.With this protection
coating the resonances remain visible, although their linewidth is still increased after rubidiumexposure. Thisway
thedevices are still usable after severalmonthswithout showing further degradationof the optical performance,
which is essential for realizingmore advanced circuits. In the Supplementary Informationwepresent details of the
fabricationprocedure and the transmission properties of the devices.
A nanophotonic chip containingmultiple individual rings is integrated into a rubidium vapor cell using
triple stack anodic bonding [20] as shown inﬁgure 1(b). A rubidium reservoir is attached to the cell and can be
heated independently from the chip to control the atomdensity. This gives a small and very convenient system
independent of large apparatus in contrast to cold atom experiments. By varying the temperature of the chip, the
ring resonance frequency wR can be tunedwith respect to the atomic resonance w0 (center ofmass frequency of
the rubidiumD2 line). In order to approach critical coupling, where internal resonator loss and coupling loss are
equal, we select a devicewith an appropriate distance between the buswaveguide and the ring such that near zero
transmission on resonance is achieved.
3. Results and discussion
The inset ofﬁgure 1(c) shows a typical transmission spectrumof the buswaveguide at amoderate atomdensity
( »ng 2×1013 cm−3), where the ring resonance is centered to the atomic resonance and the probe frequency
Figure 1.Coupling an integrated ring resonator to atomic vapor. (a) Schematic diagramof the ring resonator surrounded by rubidium
vapor. The probe light Pin is injected into the buswaveguide via a Bragg coupler and subsequently coupled to the ringwith coupling
parameters r and t. The output Pout is detected with a photomultiplier tube (PMT). (b)Photograph of the vapor cell and the bonded
optical chipwith the rubidium reservoir on the right. (c)The gray curve shows the calculated buswaveguide transmissionwithout
contribution of the atoms. The transmission ismodiﬁed in presence of the atoms (blue curve), which is shownmore detailed with a ﬁt
of themodel (red curve) in the inset.
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wp is scanned over the rubidiumD2 linewith the detuning w wD = -p p 0. The transmission of the device
without contribution of the atoms is calculated fromﬁt parameters of ourmodel (supplementary information)
and displayed in the background ofﬁgure 1(c) overmore than one free spectral range ( p »FSR 2 308 GHz) to
visualize the bandwidth proportions. Owing to themotion of the atoms, the spectral line shape is broadened due
to theDoppler effect and the short transit time of the atoms traveling through the evanescent ﬁeld. Both
absorptive and dispersive properties of the atoms play a role, when they interact with the resonatormode. The
absorption of the lightﬁeld lifts the critical coupling condition, leading to an increase in transmission for
w w»R 0, whereas the real part alters the round trip phase shift, leading to a shift of the ring resonance to lower
(higher) frequencies on the red (blue) side of the atomic resonance. Note that the total signal is always a
combination of the ring signal and the absorption signal from the 100 μm long uncovered part of the bus
waveguide. The interaction of the atomswith the ring does not onlymanifest itself in the transmission signal, but
is also directly visible in theﬂuorescence of the atoms as shown inﬁgures 2(a) and (b) for an off-resonant and a
resonant situation, respectively.
In order to investigate the transmission behavior at different positionswithin the ring resonance, we
performed a series ofmeasurements wherewe thermally tune the ring resonance frequency to several values of
the atom-resonator detuning w wD = -AR 0 R, while scanning the probe laser over the rubidiumD2 line.
Figure 3 presents the results of thesemeasurements for an atomdensity of »ng 1014 cm−3. Inﬁgure 3(a) the bus
waveguide transmission spectra are placed at the corresponding positions of the ring resonance feature, as
determined from ﬁts to the data. In an initial ﬁt run, we determined the round trip transmission factor τ and the
straight-through coefﬁcient r of the device, as well as the Lorentz width of the atoms. Thenwe carried out a
secondﬁt runwith the atomic density and the atom-resonator detuning as the only free ﬁt parameters.
Figures 3(b)–(d) show selected transmission data for three values ofDAR togetherwith their respective ﬁtting
curves. In the off-resonant case shown inﬁgure 3(b) the transmission spectrum is dominated by absorption in
the uncovered part of the buswaveguide, since there is almost no coupling of the probe into the ring, which is
also clearly visible inﬁgure 2(a).
At the slope of the resonance (see ﬁgure 3(c)), the signal reveals the dispersive nature of the atoms, since a
small change in the real part of the atomic susceptibility leads to a small shift of the round trip phase which
generates a largemodulation of the ring transmission. The third characteristic feature is found on resonance
(w w»R 0)where the additional losses induced by the atomic absorption lift the critical coupling condition and
therefore lead to increased transmission. This situation is shown inﬁgure 3(d), where the transmission
enhancement amounts approximately 40%.
Next, we studied the saturation behavior of the atoms in the evanescent ﬁeld of the ringmode.Hencewe
recorded a sequence of transmission spectra for different input powers with the ring resonance tuned to the
atomic resonance. Byﬁtting these spectra with ourmodel, we extract the power dependent Lorentzian linewidth
and themagnitude of the susceptibility of the atoms as presented inﬁgure 4. The linewidth clearly exceeds the
natural linewidth of rubidium already at low powers, whichwe attribute to transit time broadening. In order to
determine the input power, at which saturation occurs, weﬁt the function G = G +( )P P1tot 0 in sat 1 2 to the data,
with initial linewidth pG =20 628MHz and saturation power »Psat 5.7 μW.The knowledge of Psat allows us
to estimate amean intensity of the evanescent ﬁeld for a given input power, by assuming = ´I P I Pin sat sat,
where Isat is the saturation intensity of the rubidiumD2 line, assuming a linewidth of G0. By simulating the
intensity distribution for ourwaveguide geometrywe infer that Isat is reached for an atom located at the position
ofmaximumexternal electricﬁeld strengthwith amode power of∼100 nW,which corresponds to amean
Figure 2.Photographs of the ring for an off-resonant situation (a) and for w w»R 0 (b). The interaction of the evanescent ﬁeldwith
the rubidium vapor is directly visible due to theﬂuorescence light of the atoms, which is color coded in these pictures.
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photon number of á ñ »n 1.3 photons being in the ring at any time. This number is in the same order of
magnitude as the saturation (or critical) photon number as deﬁned in cavityQED [1], whichwe estimate to be
= G »^n g2 0.60 2 2 in our case, with the transverse decay rate G = G^ 20 and the coupling parameter g.
Togetherwith the damping rate of the resonatorκ the corresponding cooperativity parameter for this system
amounts k= G » ´^ -C g 2 3 102 3, which yields a critical atomnumber of = »N C1 300.
Figure 3.Transmissionmeasurements for various atom-resonator detuningsDAR . (a)The gray curve shows the buswaveguide
transmissionwithout atomic contribution, as calculated fromﬁt parameters. The superimposed spectra show the transmission for an
atomic density of »ng 1014 cm−3 at correspondingDAR , indicated by arrows on the detuning axis. (b)–(d) Individual transmission
spectra for an off-resonant ring (b), on the slope of the resonance (c) and close to resonance w w»R 0 (d)withﬁts of themodel (green
curves). The vertical lines indicate the positions of the center ofmass frequency of the rubidiumD2 line, w0.
Figure 4. Saturation behavior in the ring resonator. Red dots show the Lorentz width and blue triangles the normalized susceptibility
of the atoms versus input probe power (top axis) extracted fromﬁts to the transmission data. Error bars show95%conﬁdence
intervals of theﬁt parameters. The red solid curve is a ﬁt of Gtot with initial linewidth pG =20 628 MHz and saturation power »Psat
5.7 μW.The blue dotted curve is a guide to the eye. From Psat we estimate the correspondingmean intensity of the evanescent ﬁeld
(bottom axis).
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4. Conclusion
In summary, we demonstrated coupling of thermal rubidium atoms to a nanophotonic ring resonator
integrated into a vapor cell.We investigated the transmission spectra of the device for various positionswithin
the ring resonance, which are in excellent agreement with our theoreticalmodel. Additionally, we performed
power dependentmeasurements to examine the saturation behavior of the coupled atom-ring system.
Despite theDoppler and transit time broadening the cooperativity can be enhanced by reducing themode
volume and increasing the quality factor of the resonators. This obviously requires a different resonator design
using for example photonic crystal cavities which provide extremely smallmode volumes [21, 22, 25, 26] or
microresonators with ultra highQ factors [6, 23]. To estimate achievable cavityQEDnumbers, we consider a
combination of thermal rubidium atoms and the photonic crystal cavity presented in [26]withmode volume
l= ( )V n0.55m 3 andmeasured quality factor ~Q 55000. Assuming a transit time limited decay rate of
pG »20 1 GHz, a cooperativity of »C 20 ( = ´ -N 5 10 2, = ´ -n 1 100 4) could be reached. Additionally,
the photon lifetime in a resonator, and therefore theQ factor, can be signiﬁcantly increased by the use of slow-
light effects [24]. Although cooperativity values as high as in cold atom experiments are not feasible, the
integration of thermal atomswith nanophotonic resonators still promises a scalable and integrable approach for
nonlinear optics on the single photon level and quantumnetworks. A systemof coupled ring resonators also
provides a platform for topological edgemodes of guided lightﬁelds [27]. Here, the interfacingwith a nonlinear
medium like an atomic vapor could be utilized to induce photon–photon interactions [28]. In the same system,
themagneto-optic properties of the atomicmediummight be exploited to break time-reversal symmetry in the
presence of amagnetic ﬁeld and thereby offer further prospects in studies of photonic topological order.
Acknowledgments
Weacknowledge support by the ERCunder contract number 267100 and theDeutsche
Forschungsgemeinschaft (DFG)with the project number LO1657/2. RR acknowledges funding from the
Landesgraduiertenförderung Baden-Württemberg. NG acknowledges support by theKarlsruhe School of
Optics and Photonics (KSOP). HK acknowledges support from theCarl-Zeiss-Foundation.
References
[1] KimbleH J 1998 Strong interactions of single atoms and photons in cavityQEDPhys. Scr. 1998 127
[2] Haroche S andRaimond JM1993Cavity quantum electrodynamics Sci. Am. 268 54–60
[3] Haroche S 2013Nobel lecture: controlling photons in a box and exploring the quantum to classical boundaryRev.Mod. Phys 85
1083–102
[4] RempeG, ThompsonR J, BrechaR J, LeeWDandKimbleH J 1991Optical bistability and photon statistics in cavity quantum
electrodynamics Phys. Rev. Lett. 67 1727–30
[5] VernooyDW, FurusawaA,GeorgiadesNP, IlchenkoV S andKimbleH J 1998CavityQEDwith high-Qwhispering gallerymodes
Phys. Rev.A 57R2293–96
[6] Aoki T,DayanB,Wilcut E, BowenWP, Parkins A S, Kippenberg T, Vahala K andKimbleH J 2006Observation of strong coupling
between one atom and amonolithicmicroresonatorNature 443 671–4
[7] Tiecke TG, Thompson JD, de LeonNP, Liu LR, Vuletic V and LukinMD2014Nanophotonic quantumphase switchwith a single
atomNature 508 241–4
[8] GobanA et al 2014Atom–light interactions in photonic crystalsNat. Commun. 5 3808
[9] DuS, SquiresMB, Imai Y, Czaia L, Saravanan RA, Bright V, Reichel J, Hänsch TWandAndersonDZ2004Atom-chip Bose–Einstein
condensation in a portable vacuum cell Phys. Rev.A 70 053606
[10] YangW,ConkeyDB,WuB, YinD,Hawkins AR and SchmidtH 2007Atomic spectroscopy on a chipNat. Photon. 1 331–5
[11] SchmidtH andHawkins A 2010Atomic spectroscopy and quantumoptics in hollow-core waveguides Laser Photon. Rev. 4 720–37
[12] EppleG, KleinbachKS, Euser TG, JolyNY, Pfau T, Russell P S J and LöwR2014Rydberg atoms in hollow-core photonic crystalﬁbres
Nat. Commun. 5 4132
[13] SlepkovAD, Bhagwat AR, VenkataramanV, Londero P andGaeta AL 2010 Spectroscopy of Rb atoms in hollow-core ﬁbers Phys. Rev.
A 81 053825
[14] Garcia-Fernandez R, AltW, Bruse F, DanC, KarapetyanK, RehbandO, Stiebeiner A,WiedemannU,MeschedeD and
Rauschenbeutel A 2011Optical nanoﬁbers and spectroscopyAppl. Phys.B 105 3–15
[15] Hendrickson SM, LaiMM, PittmanTB and Franson JD 2010Observation of two-photon absorption at lowpower levels using
tapered opticalﬁbers in rubidium vapor Phys. Rev. Lett. 105 173602
[16] Spillane SM, Pati G S, Salit K,HallM,Kumar P, Beausoleil RG and ShahriarMS 2008Observation of nonlinear optical interactions of
ultralow levels of light in a tapered optical nanoﬁber embedded in a hot rubidium vapor Phys. Rev. Lett. 100 233602
[17] Stern L,Desiatov B,Goykhman I and LevyU 2013Nanoscale light–matter interactions in atomic claddingwaveguidesNat. Commun.
4 1548
[18] Ritter R, GruhlerN, PerniceWHP,KüblerH, PfauT and LöwR2015Atomic vapor spectroscopy in integrated photonic structures
Appl. Phys. Lett. 107 041101
[19] Stern L and LevyU 2012Transmission and time delay properties of an integrated system consisting of atomic vapor cladding on top of a
micro ring resonatorOpt. Express 20 28082–93
5
New J. Phys. 18 (2016) 103031 RRitter et al
[20] Daschner R, KüblerH, LöwR, BaurH, FrühaufN and Pfau T 2014Triple stack glass-to-glass anodic bonding for optogalvanic
spectroscopy cells with electrical feedthroughsAppl. Phys. Lett. 105 041107
[21] EichenﬁeldM,CamachoR,Chan J, Vahala K J and PainterO 2009Apicogram- and nanometre-scale photonic-crystal optomechanical
cavityNature 459 550–5
[22] Vučković J, LončarM,MabuchiH and Scherer A 2001Design of photonic crystalmicrocavities for cavityQEDPhys. Rev.E 65 016608
[23] Spillane SM,Kippenberg T J, Vahala K J, GohKW,Wilcut E andKimbleH J 2005Ultrahigh-Q toroidalmicroresonators for cavity
quantum electrodynamics Phys. Rev.A 71 013817
[24] HuetV, Rasoloniaina A,Guillemé P, Rochard P, Féron P,MortierM, LevensonA, BencheikhK, Yacomotti A andDumeige Y 2016
Millisecond photon lifetime in a slow-lightmicrocavity Phys. Rev. Lett. 116 133902
[25] Pyatkov F, Fütterling V, Khasminskaya S, Flavel B S, Hennrich F, KappesMM,Krupke R and PerniceWHP2016Cavity-enhanced
light emission from electrically driven carbon nanotubesNat. Photon. 10 420–7
[26] KhanM, Babinec T,McCutcheonMW,Deotare P and LončarM2011 Fabrication and characterization of high-quality-factor silicon
nitride nanobeam cavitiesOpt. Lett. 36 421–3
[27] HafeziM,Mittal S, Fan J,Migdall A andTaylor J 2013 Imaging topological edge states in silicon photonicsNat. Photon. 7 1001–5
[28] HafeziM, LukinMDandTaylor JM2013Non-equilibrium fractional quantumhall state of lightNew J. Phys. 15 063001
6
New J. Phys. 18 (2016) 103031 RRitter et al
